Introduction
Mounting evidence suggests that the early development of the gut microbiota of newborns is essential for health by maintaining intestinal homeostasis and barrier function, stimulating development of the immune system, contributing to nutrient digestion, and protecting against pathogens (Sekirov et al., 2010; Maynard et al., 2012; Wopereis et al., 2014) . The symbiotic microbe-host interactions during the earliest days of life critically determine life-long health (Rautava et al., 2012; Stinson et al., 2017; Korpela and de Vos, 2018) . Disruption of the early gut microbiota has been linked to diseases in later life, including obesity, metabolic diseases, inflammatory bowel disease, irritable bowel syndrome, necrotizing enterocolitis, and autoimmune diseases and allergy (Rautava et al., 2012; Christian et al., 2017) .
The maternal microbiota may affect the fetal immune development in utero, regardless of the actual colonization status of the fetus (de Agueero et al., 2016; Jenmalm, 2017) . Extensive microbial colonization of the healthy newborn gut starts during and after birth by both vertical and horizontal transmission (Christian et al., 2017) . The first phase of microbial colonization occurs via vertical transfer when the fetus passes through the birth canal and ingests maternal vaginal microorganisms (Funkhouser and Bordenstein, 2013) . After birth, the newborn gut becomes further colonized with a wide array of microbes from maternal and environmental sources (Dominguez-Bello et al., 2010; Shin et al., 2015; Ferretti et al., 2018) . After 48 h, the number of intestinal bacteria reaches as high as 10 4 -10 6 colony-forming units per millilitre of intestinal content (Goulet, 2015) . The natural pattern of postnatal microbiota acquisition and colonization is influenced by factors such as infant feeding mode, care environment, and use of antibiotics, leading to normal or aberrant establishment of the early gut microbiota (Biasucci et al., 2008; Tamburini et al., 2016) . Feeding mode is an important driver of early microbial colonization, influencing the structure and function of the neonatal gut microbiome (Azad et al., 2013; Martin et al., 2016) . In humans, there are differences in gut microbial composition between breastfed and formula-fed infants (Yatsunenko et al., 2012; O'Sullivan et al., 2015) . Breastfed infants have more Bifidobacteria and Lactobacilli in their gut microbiota than formula-fed infants (Bezirtzoglou et al., 2011; Wopereis et al., 2014; Backhed et al., 2015) . The close physical contact during breastfeeding leads to vertical transfer of the bacterial community from the mother's teat and surrounding skin, stool, oral cavity, and breast milk to offspring (Mackie et al., 1999; Funkhouser and Bordenstein, 2013) . More importantly, breast milk contains beneficial oligosaccharides, glycans, antimicrobial proteins, and secretory immunoglobulin A that contribute to shaping the infant gut microbiota (Wopereis et al., 2014) . Breast milk oligosaccharides and glycans act as prebiotics and antimicrobials that selectively affect the growth of specific bacteria, for example, by stimulating the growth of Bifidobacterium and Lactobacillus spp., and reducing colonization and invasion of potential pathogenic bacteria by blocking their attachment to epithelial cell surfaces (Ward et al., 2006; Christian et al., 2017) .
While the importance of feeding mode on the structure and function of the developing human microbiome is undoubted (Thompson et al., 2015) , very little is known about the effects of suckling versus artificial feeding on the early gut microbiota of farm animals, especially for ruminants, which rely exclusively on their acquired gut microbes to digest their plant-based feed. In ruminant farming, there are two main systems for managing young animals. In commercial dairy cattle or goat farms, calves or kids are typically separated from their mothers after birth and fed either milk replacer or whole milk; in contrast, in fattening systems, the newborns remain with their mothers until weaning (Yáñez-Ruiz et al., 2015) . Newborns fed artificially lack physical contact with their mothers and may not acquire maternal microbiota. Although a number of farm animal studies have investigated the composition, development, and functionality of gut microbiota in the early days of life (Jami et al., 2013; Rey et al., 2014; Jiao et al., 2015) , the microbial sources of the early gut microbiota under different feeding modes is still poorly understood. Identifying the effects of feeding mode on composition and acquisition of the early gut microbiota of newborn farm animals is a key to understanding its contribution to modulating the newborn gut microbiota and to the immune system, metabolism, and development of the host. In this study, we investigated the impact of feeding mode (suckling versus artificial feeding) on early intestinal microbial colonization of three-day old lambs using 16S rRNA gene sequencing and qPCR methods. We explored the microbial sources and the corresponding proportions of the early gut microbiota by source under the two feeding modes. Fig. 1 . Box-and-whisker plots of alpha diversity indices (OTUs, Chao1, Shannon, and Simpson) for gut microbial communities in suckled (n = 6) and bottle-fed (n = 6) newborn lambs. Values are median AE interquartile range. Boxes with different letters above their whiskers are significantly different at P < 0.05 using two-tailed Wilcoxon signed-rank test.
[Color figure can be viewed at wileyonlinelibrary.com]
Results

Sequencing depth and alpha diversity
Sequence analysis of the 83 samples from the infant gut (n = 12) and maternal (n = 45) and environmental (n = 26) niches yielded 2,962,836 clean reads with an average of 35,697 AE 1,779 reads per sample. After removing the contaminating reads in the negative controls from the data set, the number of operational taxonomic units (OTUs) detected overall was 6,358 based on a threshold of ≥ 97% nucleotide sequence identity between reads. With a subsample of 18,146 reads, all the samplebased rarefaction curves reached a plateau (Supporting Information Fig. S1 ), suggesting that our sequencing depth provided sufficient OTU coverage to describe the bacterial community composition of all samples accurately. All results are presented using median values, unless otherwise stated.
The number of OTUs and Chao1 estimator differed significantly (P < 0.05) between the suckled and bottle-fed groups ( Fig. 1) , while the Shannon and Simpson indices did not (P > 0.05). In the maternal bacterial community, the number of OTUs and the Chao1 estimator for maternal ventral, teat, udder skin, and stool were significantly higher than those for oral cavity, vagina, and breast milk. Breast milk had the lowest alpha diversity indices among the maternal niches (Supporting Information Fig. S2 ). In the environmental bacterial community, there were no significant differences in any of the diversity indices between niches (Supporting Information Fig. S3 ).
Bacterial community composition of maternal and environmental sources
Maternal bacterial communities were structured primarily by niche, with distinct oral, skin, stool, breast milk, and vaginal assemblages dominated by taxa typical for these sites ( Fig. 2A) . For example, at the phylum level these included: the Bacteroidetes and Proteobacteria in the oral cavity and vagina; the Firmicutes and Bacteroidetes in stool and on ventral, udder, and teat skin; and the Proteobacteria in breast milk (Fig. 3A) . At the genus level, Prevotella, Bacteroides, and Paracoccus were prevalent in the vagina; Bacteroides, Prevotella, and Alysiella in the oral cavity; Bacteroides and Prevotella on the ventral, udder, and teat skin; Bacteroides and Clostridium XlVa, and Treponema in the stool; and Pseudomonas and Paracoccus in breast milk (Fig. 3B) .
The environmental sources harboured essentially undifferentiated bacterial communities between the two treatment groups (Fig. 2B , P > 0.05). At the phylum level, the pen floor and ambient air of both the suckled and bottlefed groups were dominated by the Bacteroidetes, Firmicutes, and Proteobacteria; the pen wall of both the suckled and bottle-fed groups by Bacteroidetes, Firmicutes, Actinobacteria, and Proteobacteria (Fig. 3C) . At the genus level, the pen floor was dominated by Bacteroides, Prevotella, Paracoccus, and Pseudomonas in the suckled group and Bacteroides, Prevotella, and Phascolarctobacterium in the bottle-fed group; the ambient air by Bacteroides, Prevotella, and Paracoccus in the suckled group and Bacteroides in the bottle-fed group; the pen wall by Bacteroides, Corynebacterium, and Prevotella in both the suckled and bottle-fed groups (Fig. 3D) . PCoA was used to assess the differences in the composition of bacterial communities between samples and to visualize the potential clustering of samples. Each point represents a different sample calculated using unweighted UniFrac distance according to OTUs composition and abundance. The greater the distance between two points, the lower the similarity between them, whereas samples with more similar bacterial communities cluster closer together. VA: maternal vagina; OA: maternal oral cavity; MA: milk from birth mother; FEA: maternal stool; NA: maternal teat skin; ATA: maternal abdominal region skin; UA: maternal udder skin; FA: sheep pen floor of suckled group; WA: pen wall of suckled group; SA: ambient air of suckled group; FB: sheep pen floor of bottle-fed group; WB: pen wall of bottle-fed group; SB: ambient air of bottle-fed group. Except for the SA and SB, the sample size of each maternal and environmental niche was 6. The ambient air microbes of each group were sampled using the same gelatin membrane filter for three consecutive days, so both SA and SB had a sample size of 1. [Color figure can be viewed at wileyonlinelibrary.com] Gut bacterial community composition in suckled and bottle-fed lambs Twenty-nine phyla were identified in the jejunum samples taken from newborn lambs. Among all samples, 10 phyla had a relative abundance of ≥ 0.1% and were dominated by the Bacteroidetes, Firmicutes, and Proteobacteria in the two groups (Supporting Information Table S1 ). Relative abundances of the dominant phyla were not significantly different between the two groups (P > 0.05, Supporting Information Table S1 ), but their genera composition varied considerably (Table 1, Fig. 3D ).
The two groups shared 15 genera with relative abundances of ≥ 1% in at least one group. Of these, the relative abundances of 6 genera differed significantly between the groups (Table 1 ). The Bacteroidetes, the most abundant phylum in all samples, was composed mainly of the genus Bacteroides (Table 1) . Among the dominant Bacteroidetes genera, the abundance of only Parabacteroides was significantly different (P < 0.05) between the two groups. Genera composition of the second most abundant phylum, Firmicutes, differed considerably between the two groups: Faecalibacterium and Fig. 3 . Phylum-and genus-level bacterial composition of gut microbial communities in suckled and bottle-fed lambs, and maternal and environmental sources of bacteria. Colour-coded bar charts show the average relative abundances of different phyla and genera. (A, B) Phylumand genus-level bacterial composition of maternal sources of bacteria. VA: maternal vagina; OA: maternal oral cavity; NA: maternal teat skin; UA: maternal udder skin; ATA: maternal abdominal region skin; FEA: maternal stool; MA: milk from birth mother; MB: milk for bottle feeding; (C, D) Phylum-and genus-level bacterial composition of gut microbial communities in suckled and bottle-fed lambs, and environmental sources of bacteria. JA: jejunum content from suckled lambs, n = 6; JB: jejunum content from bottle-fed lambs, n = 6; FA: sheep pen floor of suckled group; FB: sheep pen floor of bottle-fed group; SA: ambient air of suckled group; SB: ambient air of bottle-fed group; WA: pen wall of suckled group; WB: pen wall of bottle-fed group. Except for the MB, SA, and SB, the sample size of each maternal and environmental niche was 6. The sample size of MB was 3. The ambient air microbes of each group were sampled using the same gelatin membrane filter for three consecutive days, so both SA and SB had a sample size of 1. [Color figure can be viewed at wileyonlinelibrary.com] Clostridium XI were significantly more abundant in the suckled group (P < 0.05), while Butyricicoccus and Clostridium XlVa were more abundant in the bottle-fed group (P < 0.05; Table 1 ). The abundance of the Proteobacteria genus Escherichia/Shigella was significantly lower (P < 0.05) in the suckled group than in the bottlefed group.
Feeding modes and initial gut microbiota composition
The Venn diagram showed a large number of shared and unique OTUs between the two groups (Supporting Information Fig. S4 ), indicating that each group hosts its own distinct microbial community. PCoA revealed that the samples clustered together according to feeding mode, suggesting that different feeding modes significantly influenced the bacterial community in the gut (Fig. 4A ). This was also confirmed by ANOSIM, which showed significantly high R values (R = 0.465, P < 0.05) between the two groups ( Fig. 4B ). PCoA and ANOSIM also showed high within-group variability in gut microbiota (Fig. 4) .
Quantification of total bacteria and five selected bacterial genera in gut microbiota
Absolute quantitative real-time PCR was used to quantify the 16S rRNA gene copy numbers of total bacteria and five selected bacterial genera that showed statistically significant differences in the sequencing results. The 16S rRNA gene copy numbers of Escherichia, Butyricicoccus, and Clostridium XlVa were significantly greater in the bottle-fed group than in the suckled group, whereas the opposite was the case for Clostridium XI (Fig. 5) . The 16S rRNA gene copy numbers of total bacteria and Faecalibacterium were not significantly different between the two groups. The relative abundances of Escherichia, Butyricicoccus, and Clostridium Xl showed similar statistical differences to results from Illumina MiSeq sequencing. The relative abundance of Faecalibacterium calculated by qPCR showed no significant group differences (Supporting Information Table S2 ).
Microbial sources and proportion estimates of the early gut bacterial communities
Bray-Curtis distance analysis showed good OTU-level similarity between the newborn lamb gut and mother's teats, vagina, oral cavity, and ambient air in the suckled group (Fig. 6A ), indicating that gut bacterial communities of suckled lambs originated mainly from these niches. Guts of newborn lambs in the bottle-fed group showed good OTU-level similarity to the mother's vagina and ambient air ( Fig. 6B ), demonstrating that gut bacterial communities of bottle-fed newborn lambs were mainly derived from these two niches. SourceTracker analysis at OTU-level predicted that the gut bacterial communities of suckled lambs tended to be composed mainly of bacteria from the mother's teat (43%), vagina (7%), ventral skin (6%), oral cavity (5%), and ambient air (28%), whereas those of bottle-fed lambs were dominated by bacteria from the mother's vagina (46%), ambient air (31%), and the pen floor (12%) ( Fig. 7A and B). SourceTracker also predicted several gut bacterial mixtures; for suckled lambs, the possible mixtures included "teat, air, vagina, ventral skin, and oral cavity", and "teat, air, vagina, and ventral skin" as sources, with mother's teat and ambient air as the stable source. The bottle-fed lambs had "vagina, air, and pen floor" and "vagina and air" components with vagina and ambient air as the stable sources (Fig. 7C) . The most common source of the 15 most Table 1 . Relative abundances of the 15 most abundant genera (relative abundance ≥ 1%) between the suckled and bottle-fed groups. Values are median AE SD, n = 6 for each group.
Phylum Genus
Median relative abundance (%) abundant bacterial genera (except Clostridium XI) in the gut of suckled lambs was the mother's teat and that of Clostridium XI was the mother's vagina. The most common source of the 15 most abundant genera of bottle-fed lambs was the mother's vagina (Supporting Information Fig. S5 ).
Discussion
Our results suggest that different feeding modes significantly affected the gut bacterial community composition in newborn lambs. The significantly higher OTU number and Chao1 estimator in the bottle-fed group compared to the suckled group suggest that artificial feeding significantly increased bacterial richness in the initial gut microbiota of newborn lambs. This result is consistent with findings that bacterial richness are lower in breastfed infants than in artificially fed infants (Bezirtzoglou et al., 2011; Azad et al., 2013; Backhed et al., 2015) . In our study, the bottle-fed group had significantly higher bacterial community richness than the suckled group, but there were no statistically significant differences in Shannon and Simpson indices between the two groups, indicating that the bottle-fed group had a larger number of rare species and the suckled group had greater community evenness than the bottle-fed group.
The dominant phyla in the gut of the two groups were the Bacteroidetes, Firmicutes, and Proteobacteria. These dominant phyla and their shared genera represent the core microbiota in the gut of newborn lambs. These dominant phyla and genera are also the core microbiota in ruminant guts at different ages (Jami et al., 2013; Jiao et al., 2015; Wang et al., 2017) . This suggests that these core bacterial communities in the gut of mature animals are established at a very early stage in life, in line with previous studies (Fonty et al., 1987; Minato et al., 1992; Jami et al., 2013 ) that detected bacterial species important for the proper functioning of the adult gut in the first week after birth.
The most abundant phylum Bacteroidetes accounted for more than 49% of the total reads in the two groups. The vast majority of reads belonged to the genus Bacteroides, with an abundance of 24.39% and 35.30% in the suckled and bottle-fed group, respectively. It was also the most abundant genus in the gut of newborn calves, appearing within several weeks after birth (Li et al., 2012; Klein-Joebstl et al., 2014; Rey et al., 2014) . Bacteroides species, most of which are acetate and propionate producers, share important metabolic functions in the gut (Berry et al., 2013; Valles et al., 2014) . Bacteroides has a remarkable ability to ferment a large assortment of plant oligosaccharides and polysaccharides, hostderived glycans, and breast milk oligosaccharides (Marcobal et al., 2010; Adamberg et al., 2018) , with some species being efficient users of mucin molecules found in the mucus gel layer of the intestinal epithelium (Salyers et al., 1977; Berry et al., 2013) . Dietary composition is thought to be the primary factor affecting gut microbiota, with greater Bacteroides abundance associated with diets rich in protein, sugar, and starch while greater Prevotella abundance is associated with diets composed mainly of plant fibre (Jami et al., 2013) . Bacteroides, one of the first anaerobes to appear in the gut (Le Huerou-Luron et al., 2010), can establish itself quickly in the neonatal gut as it is one of the most efficient utilizers of milk oligosaccharides and mucin molecules (Berry et al., 2013; Valles et al., 2014) . . Beta diversity of the bacterial communities in guts of suckled (n = 6) and bottle-fed (n = 6) lambs. (A) Principal coordinates analysis (PCoA) of bacterial communities in the two feeding groups. PCoA was used to assess the variation in composition of bacterial communities between samples and to visualize the potential clustering of samples. Each point represents a different sample calculated using Unweighted UniFrac distance according to the presence and absence of OTUs. A greater distance between two points indicates lower similarity between them, whereas samples with more similar bacterial communities cluster closer together. (B) Analysis of similarity (ANOSIM) of bacterial communities in the two feeding groups. The X-axis denotes all samples (between) and each group. The Y-axis shows the unweighted UniFrac rank. ANOSIM is a permutation-based test of the null hypothesis that within-group distances are not significantly smaller than between-group distances. The test statistic R, which measures the strength of the results, ranging from −1 to 1, R > 0 indicates that the between-group differences are greater than within-group differences, whereas R < 0 indicates that the differences between groups are smaller than those within groups. When R ≈ 0, the null hypothesis is true, and there are no difference between all samples and groups. P < 0.05 is considered statistically significant. [Color figure can be viewed at wileyonlinelibrary.com]
The Firmicutes was the second most abundant phylum, accounting for more than 23% of the total sequences, with the vast majority of the reads belonging to the order Clostridiales. In this study, all genera with a relative abundance of more than 1% in the phylum Firmicutes belong to this order. Clostridiales abundance was significantly higher in non-exclusively breastfed infants than in exclusively breastfed infants (Thompson et al., 2015) . However, our study did not find significant differences in Clostridiales abundance between feeding groups (16.18% versus 18.00%, P > 0.05). Clostridiales is one of the six major microbiota functional groups that establish early in the infant gut, and many of its species display a wide range of phenotypes and functional diversity (Valles et al., 2014) . We found that the differences in the Firmicutes between the two feeding groups were caused largely by the differences in Clostridiales genera. The suckled lambs had greater proportions of Faecalibacterium and Clostridium XI in their gut microbiota, whereas the bottlefed lambs had greater proportions of Butyricicoccus and Clostridium XlVa. The 16S rRNA gene copy numbers and relative abundances of these genera exhibited the same statistical differences, except for Faecalibacterium. Faecalibacterium, Butyricicoccus, and Clostridium XlVa are known as butyrate producers (Louis and Flint, 2009; Geirnaert et al., 2014) , which are obligate anaerobic Grampositive bacteria. They represent a functional group, rather than a coherent phylogenetic group, originating from the Clostridium leptum (or clostridial cluster IV) cluster, for example, Faecalibacterium and Butyricicoccus, and the Clostridium coccoides (or clostridial cluster XIVa) cluster, for example, Clostridium XlVa and Roseburia (Louis and Flint, 2009) .
In this study, both 16S rRNA gene sequencing and quantitative real-time PCR detected a significant increase in the abundance of Escherichia in bottle-fed lambs compared to suckled lambs, confirming results of previous studies of infants (Mackie et al., 1999; Penders et al., 2006) . Escherichia is a well-known member of the normal intestinal microflora of humans and many other animals (Kaper et al., 2004; Lukjancenko et al., 2010) . The ability of Escherichia strains to survive in many ecological niches facilitates the colonization of different habitats, including abiotic environments. Escherichia colonizes the neonatal gut within hours of birth and establishes itself as the most abundant facultative anaerobe of the intestinal microflora (Leimbach et al., 2013) . Facultative anaerobes consume oxygen and create the anaerobic environment that is required for proliferation of anaerobic microbes (Mackie et al., 1999; Jost et al., 2012) . In contrast to suckled newborn lambs, bottle-fed lambs had a higher abundance of Escherichia, suggesting that artificial feeding may delay the establishment of the anaerobic environment and anaerobic microbes (Le Huerou-Luron et al., 2010). Fig. 5 . The 16S rRNA gene copy numbers of the total bacteria and selected bacterial genera per millilitre of jejunum content samples of suckled (n = 6) and bottle-fed (n = 6) lambs. Values are median AE interquartile range. Boxes with different letters above their whiskers are significantly different at P < 0.05 using two-tailed Wilcoxon signed-rank test.
Escherichia is a highly versatile genus comprising harmless commensal and pathogenic strains that have acquired the ability to cause intestinal (enteritis, diarrhoea, or dysentery) or extraintestinal (urinary tract infections, sepsis, or meningitis) diseases in their hosts by attaching to the epithelial cells and/or invading target host cells (Croxen et al., 2013; Leimbach et al., 2013; Kalita et al., 2014) . Compared to artificial feeding, breastfeeding is associated with lower incidence of necrotizing enterocolitis and diarrhoea during early life (Aggett et al., 2006; Le Huerou-Luron et al., 2010) . For example, diarrhoea was reported to be reduced by half in breastfed infants compared with artificially fed infants during the period of breastfeeding (Dewey et al., 1995; Hoddinott et al., 2008) . The higher abundance of Escherichia in bottle-fed infants may, in part, explain why susceptibility to necrotizing enterocolitis and diarrhoea is often higher among them than in breastfed infants. Direct transmission of the maternal microbiota to the newborn may serve a defensive role, leading to occupation of niches and a reduction in colonization by Escherichia and other pathogens as site-specific communities develop.
Our results also suggest that different feeding modes affected the direct initial transmission of bacteria from maternal and environmental niches to newborns. Both Fig. 7 . SourceTracker source environment proportion estimates for the gut bacterial communities in suckled (n = 6) and bottle-fed (n = 6) lambs. (A) Pie charts of the mean proportions for 250 draws from Gibbs sampling; (B) bar charts of proportion estimates for the same samples; (C) visualization of the 250 Gibbs draws, with each column showing the mixture from one draw, and the columns ordered to keep similar mixtures together. VA: maternal vagina; OA: maternal oral cavity; FEA: maternal stool; NA: maternal teat skin; ATA: maternal abdominal region skin; UA: maternal udder skin; MA: milk from birth mother; FA: sheep pen floor of suckled group; WA: pen wall of suckled group; SA: ambient air of suckled group; MB: milk for bottle feeding; FB: sheep pen floor of bottle-fed group; WB: pen wall of bottle-fed group; SB: ambient air of bottle-fed group. Except for the MB, SA, and SB, the sample size of each maternal and environmental niche was 6. The sample size of MB was 3. The ambient air microbes of each group were sampled using the same gelatin membrane filter for three consecutive days, so both SA and SB had a sample size of 1. [Color figure can be viewed at wileyonlinelibrary.com] Fig. 6 . Similarity analysis of the bacterial communities in the gut of suckled (n = 6) and bottle-fed (n = 6) lambs and the source environments. Bray-Curtis (B-C) dissimilarity was calculated using OTUlevel abundance of bacteria from the lamb gut, and maternal and environmental niches in this study. The different coloured circles represent bacterial communities of the gut and source environments. The thicker the connecting line and the closer the circles, the greater the similarity of the bacterial communities. (A) Similarity analysis of the bacterial communities in the gut of suckled lambs and the source environments. VA: maternal vagina; OA: maternal oral cavity; MA: milk from birth mother; FEA: maternal stool; NA: maternal teat skin; ATA: maternal abdominal region skin; UA: maternal udder skin; FA: sheep pen floor of suckled group; WA: pen wall of suckled group; SA: ambient air of suckled group. (B) Similarity analysis of the bacterial communities in the gut of bottle-fed lambs and the source environments. MB: milk for bottle feeding; FB: sheep pen floor of bottle-fed group; WB: pen wall of bottle-fed group; SB: ambient air of bottle-fed group. Except for the MB, SA, and SB, the sample size of each maternal and environmental niche was 6. The sample size of MB was 3. The ambient air microbes of each group were sampled using the same gelatin membrane filter for three consecutive days, so both SA and SB had a sample size of 1. [Color figure can be viewed at wileyonlinelibrary.com] bacterial community similarity and SourceTracker analyses demonstrated that the gut microbes of suckled lambs were mainly derived from the mother's teats, vagina, and oral cavity, and ambient air, and that of bottle-fed lambs were dominated by bacteria from the mother's vagina and ambient air. In addition, the mother's ventral skin was also an important source of gut bacteria for suckled lambs, as well as pen floor for bottle-fed lambs.
The mother's vaginal microbiota is an important source of the lamb gut microbiota regardless of feeding mode, contributing 46% to bottle-fed and 7% to suckled lamb gut microbiota, suggesting vertical transmission from the vaginal community to the newborn. The mother's vaginal microbiota provides the first natural microbial source for newborns. During vaginal delivery, direct contact of the newborn with the vaginal microbiota plays an important role in initiating colonization of its gut microbiome (Orrhage and Nord, 1999; Matsumiya et al., 2002) . Vaginally delivered infants harboured primary gut bacterial communities similar to their own mothers' vaginal microbiota, with caesarean-section-delivered infants acquiring gut bacterial communities resembling those found on the skin surface (Dominguez-Bello et al., 2010) .
Our results show that almost half of the gut microbiota in suckled lambs might originate from their mothers' teat microbiota. Similar vertical transmission is also seen in humans. Bacteria originating from the nipple and surrounding skin are important sources of the infant gut microbiota (Mackie et al., 1999; Ferretti et al., 2018) , demonstrating that direct contact of the newborn's mouth with the nipple during breastfeeding contributes substantially to the infant's early gut bacterial community. The mother's oral cavity is another important source of the suckled lamb gut microbiota, which is consistent with previous studies on humans (Mackie et al., 1999; Dominguez-Bello et al., 2010; Ferretti et al., 2018) . A recent study showed that the faecal microbiota of neonatal and 1-day calves were more similar to their mother's oral microbiota, as compared to the vaginal or faecal microbiota, indicating that the mother's oral cavity is an important source of early gut microbiota (Alipour et al., 2018) . After birth, the mother's oral cavity microbes were mechanically transferred to the newborns by licking the suckled lambs.
Bacterial communities from the environment are also important sources of early gut microbiota. The first exposure of infants born by caesarean delivery is most likely to environmental microbiota from equipment, ambient air, and nursing staff (Mackie et al., 1999) , such as operating room microbiota containing deposits of human skin bacteria, which seeds the infant's microbiome (Shin et al., 2015) . Vaginal microbiota is the only source of maternal microbes to which bottle-fed newborn lambs are directly exposed. Therefore, horizontal transmission of environmental microorganisms from the ambient air, sheepfold, and facilities plays a key role in initial intestinal colonization. In our study, bacteria in ambient air was an important contributor to the early gut microbiota of both bottle-fed and suckled lambs and is an easily overlooked long-term source of newborn gut microbes (Dominguez-Bello et al., 2010; Ferretti et al., 2018) . We also show that microbiota of the pen floor is an important source of gut bacteria for bottle-fed lambs. The proportion of early gut bacteria from environmental sources was more than 1.5 times higher for bottle-fed lambs compared to suckled lambs (43% vs 28%), indicating that the former are more likely to become colonized by environmental microorganisms than the latter.
Breast milk contains abundant maternally derived commensal bacteria (Urbaniak et al., 2016; Milani et al., 2017) and its microbiota plays an important role in human infant gut microbial colonization and the newborn's immune system development (Heikkila and Saris, 2003; Daft et al., 2015) . In contrast, we found that breast milk was not an important source for the gut microbiota of newborn lambs. This is likely due to the low bacterial community richness and diversity in breast milk, relative to both maternal and environmental bacterial communities (Supporting Information Fig. S2 and S3 ).
To our knowledge, our study is the first to compare the effects of two feeding modes (suckling versus artificial feeding) on the early gut microbiota composition of newborn farm animals. Unlike previous studies in humans that examined only the maternal sources of microbes, we believe our study is the first to assess both maternal and environmental sources and their contributions to the newborn gut microbiome. However, our study has several limitations. We used 16S rRNA gene amplicon-based sequencing instead of metagenomics sequencing, which limited our understanding of differences in strain level and function of gut microbes between feeding modes. We did not investigate the long-term effects of feeding mode and nor did we look at longitudinal data on sources of gut microbiota. In addition, the small sample size we used may have amplified differences between feeding groups. One further limitation of our study to note is that the SourceTracker analysis we applied to estimate the proportion of microbial sources in the early gut microbial community does not directly infer the microbial transfer from maternal and environmental niches to the gut of newborn lambs, but instead it suggests the relatedness between microbial sources and the gut microbial community.
In conclusion, we detected adult-type gut bacteria in the gut of 3-day old lambs, indicating that the core intestinal bacteria are established in the early stages of life. Intestinal bacterial composition of the newborn lambs was dominated by the phyla Bacteroidetes, Firmicutes, and Proteobacteria, and by the genus Bacteroides. Different feeding modes significantly affected the colonization of gut microbes at an early stage of life. Compared with suckling, artificial feeding significantly increased the abundances of Escherichia/Shigella, Butyricicoccus, Clostridium XlVa, and Parabacteroides in the early gut microbiota of newborn lambs, whereas it significantly decreased the abundance of Clostridium XI. Different feeding modes also affected direct initial transmission of bacteria from maternal and environmental niches to newborns. The SourceTracker analysis suggests that the gut microbes of suckled newborn lambs were mainly derived from the mother's teats, vagina, ventral skin, and oral cavity, and from ambient air, and that of bottle-fed lambs mainly originate from the mother's vagina, ambient air, and the pen floor. Our results provide preliminary information for understanding the relationship between the early intestinal microbiota and type of feeding, the sources of the early gut microbiota of newborns, and the role of maternal and horizontal transmission in the initial establishment of the newborn gut microbiota. Moreover, our results provide important insights for other systems in which the interplay between the environment and diet plays an important role in shaping the acquisition of gut microbes during early life. However, further longitudinal studies with larger sample sizes and more detailed sequencing are required for investigating the long-term effects of different feeding modes on gut microbiota, health, and development of animals, and microbial acquisition patterns.
Experimental procedures
Animal experiment and sample collection
Animal care and use for the experiments were approved by and performed according to the guidelines of the Animal Ethics Committee of the Chinese Academy of Agricultural Sciences, Beijing, China.
A flock of healthy pregnant ewes, each carrying two foetuses and with the same expected date of delivery, were selected from the same herd and raised individually in 1 × 3 m sheep pens. The ewes were fed the same diet without administration of antibiotics or probiotics during pregnancy. The ewes that gave birth to twins by vaginal delivery on the same day were selected in this trial. After birth, one of the twin lambs was taken immediately from the ewe, caged individually in a sheep pen to avoid direct contact with other adult animals and lambs, and fed fresh colostrum collected from nursing mothers within 2 h of birth. It was bottle-fed twice daily with milk collected from other lactating ewes. The other lamb remained with the birth mother and was suckled ad libitum. Finally, 6 ewes and their twins were included in this trial with 6 lambs in each feeding group.
Microbial samples from maternal and environmental niches were taken using sterile swabs. The mother's vagina and oral cavity samples were swabbed when the ewes showed obvious signs of parturition, such as a swollen vulva and udders. The mother's faeces samples were collected by rectal stimulation near the time of delivery. Skin swabs were also taken ventrally (right and left ventral posterior) and from the teat and udder for three consecutive days after delivery. Milk, including colostrum, from the birth mothers was collected twice daily for three consecutive days. Milk, including colostrum, for bottle feeding was collected from nursing mothers every morning, and once the required volume was collected, milk was pooled and collected once daily for three consecutive days. Before milk collection, the teat skin of birth mothers and nursing mothers was disinfected with alcohol and the first three milkings were discarded. Swabs were taken from the pens wall and floor of both feeding groups for three consecutive days. The ambient air of sheep pens of both feeding groups was sampled for three consecutive days using an air sampler (AirPort MD8 No.16757, Sartorius Stedim Biotech GmbH, 37,070, Goettingen, Germany) and gelatin membrane filters (No.17528-80-ACD, Sartorius) . Each group of the 6 adjacent sheep pens was placed in an isolation fence. The four corners and the central position of the isolation fence were sampled with 750 l air at each position at a rate of 40 l per min during a three-minute sampling period.
All lambs were euthanized by penetrative captive bolt followed by exsanguination at 3 days of age. When a lamb suckles, milk bypasses the rumen and reticulum and enters directly into the abomasum. At this age, the jejunum is the main place for food digestion and absorption and the nutritionally important microbial community is intestinal. Therefore, samples were taken from the jejunum and not from the rumen, as at this age a lamb is monogastric, and ruminal samples may not contain the microbes from the milk. Samples of jejunum content were collected aseptically at the same site from all the lambs within 1 h of euthanasia. Samples were stored immediately in sterile tubes, frozen in liquid nitrogen, and sent for DNA extraction.
DNA extraction and PCR amplification
Genomic DNA was extracted from the swabs, milk, ambient air, and intestinal digesta in a biosafety cabinet using the MO BIO PowerSoil DNA Isolation Kit (MO BIO Laboratories, Solana Beach, CA) according to the manufacturer's protocols. The samples collected for three consecutive days were pooled as one sample. The swabs were processed as previously described (DominguezBello et al., 2010) . In brief, the cotton tips of frozen swabs were placed in bead tubes and 60 μl of Solution C1 was added. Tubes were then incubated at 65 C for 10 min and shaken horizontally for 2 min using vortex adapter. The remaining steps were performed following the manufacturer. DNA quantity was measured on a Thermo NanoDrop 2000 spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE). The V3-V4 regions of the bacterial 16S rRNA gene were amplified using the universal primers 338F 5 0 -barcode-ACTCCTACGGGAGGCAGCAG-3 0 and 806R 5 0 -barcode-GGACTACHVGGGTWTCTAAT-3 0 (Dennis et al., 2013) , which contain an eight-base sequence barcode unique to each sample. PCR amplification and product processing were performed as previously described (Bi et al., 2017) . PCR reactions were carried out in triplicate in 20 μl reaction mixtures containing 4 μl 5 × FastPfu Buffer, 2 μl 2.5 mM dNTPs, 0.8 μl forward and reverse primer (5 μM), 0.4 μl FastPfu Polymerase, and 10 ng template DNA. The PCR cycling parameters consisted of initial denaturation at 95 C for 3 min, followed by 27 cycles of denaturation at 95 C for 30 s, annealing at 55 C for 30 s and extension at 72 C for 45 s, and a final extension at 72 C for 10 min. PCR products were extracted from 2% agarose gels, purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA), and quantified using the QuantiFluor™-ST system (Promega, Madison, WI). Non-sample blank extraction controls, empty sterile swab extraction controls, and PCR negative controls were included in this study.
16S rRNA gene sequencing and sequence analysis
Equimolar amounts of the barcoded V3-V4 amplicons were pooled and paired-end sequenced (2 × 250 bp) on an Illumina HiSeq PE250 platform (Illumina, Inc., San Diego, CA) according to standard protocols. The sequencing data we generated have been deposited in the NCBI Sequence Read Archive (SRA) under accession numbers SRR7986812 to SRR7986894. DNA sequence data for all samples were processed and analysed according to Bi et al. (2017) . Briefly, sequences were removed from the analysis, if they were < 50 bp, had a quality score < 20, contained ambiguous characters, contained mismatch in the barcode region, or contained two or more nucleotide mismatches in the primer sequence. Only sequences with an overlap of > 10 bp and < 10% mismatches were assembled, and the assembled sequences were then trimmed of primers and barcodes. Chimeric sequences were identified and removed. After quality control, the potential contaminating sequences in the negative controls were removed from the data set. The decontamination procedure was based on comparing the relative abundances of the sequences in the negative controls and in the samples. The shared sequences were classified as contaminants when their relative abundances in the samples were no more than 10 times of that in the controls (Lukasik et al., 2017) . This type of decontamination procedure minimizes false-positive observations but removes some sequences that are genuinely present in the samples. After data decontamination, the sequences were assigned to OTUs at a 97% identity threshold using UPARSE (Edgar, 2013) . Alpha diversity indices, including the number of OTUs, Chao1 estimator, and Shannon and Simpson indices, were calculated by normalizing the number of clean reads in all samples to 18,146 sequences using mothur software (Schloss et al., 2009) . Rarefaction curves were analysed with mothur and plotted using R. A representative sequence was chosen from each OTU by selecting the sequence that had the largest number of hits in the OTU. Representative sequences were assigned against the SILVA bacteria alignment database (Quast et al., 2013) using the RDP classifier (Cole et al., 2009 ) with a confidence threshold of 80%. Sequences were aligned against PyNAST (DeSantis et al., 2006) , and a phylogenetic tree was built using FastTree (Price et al., 2009) .
Beta diversity was calculated for the normalized OTU table using UniFrac distance matrices (Lozupone and Knight, 2005; Lozupone et al., 2007) to determine the amount of bacterial diversity shared between the two groups. Principal coordinates analysis (PCoA) of bacterial communities was performed using unweighted UniFrac distances based on the presence and absence of OTUs, and the plot was generated using R. Analysis of similarity (ANOSIM) was also performed using unweighted UniFrac distance to test for differences in bacterial community composition in the samples from the two groups.
To identify possible sources and their proportions in the early gut bacterial community of newborn lambs, Bray-Curtis dissimilarity analysis, and SourceTracker were used. Bray-Curtis dissimilarity (Aagaard et al., 2014) was used to determine the similarities at OTU level between the gut and maternal and environmental microbial communities. Microbial SourceTracker developed by Knights et al. (2011) is a Bayesian approach that is more accurate than other methods for estimating the proportion of contamination from source environments within a sink environment (Knights et al., 2011) . We applied SourceTracker to survey the proportion of the lamb gut microbial community originating from the maternal and environmental microbial communities.
qPCR
Quantitative real-time PCR analysis was performed to detect the 16S rRNA gene copy numbers of the total bacteria and five selected bacterial genera that showed statistical significance in sequencing results between the two groups using the primers shown in Supporting Information Table S3 . A standard curve was constructed from a reference plasmid containing the 16S rRNA gene of total bacteria and of each individual strain. Real-time PCR was performed in triplicate in 20 μl reaction mixtures containing 10 μl 2 × PCR Master Mix (SinoGene, Beijing, China), 0.5 μl of each primer (10 μM), 8.0 μl ddH 2 O, and 1 μl of 10 ng DNA templates. The PCR cycling parameters consisted of initial denaturation at 94 C for 3 min followed by 35 cycles of denaturation at 94 C for 20 s,
annealing at 58 C for 20 s and extension at 72 C for 30 s, and a final extension at 72 C for 10 min. The 16S rRNA gene copy numbers of total bacteria and the 5 bacterial genera per millilitre of jejunum digesta were then calculated. Relative abundances of the 5 bacterial genera were calculated by dividing the 16S rRNA gene copy number of each bacterial genus by the 16S rRNA gene copy number of total bacteria.
Statistical analyses
Unless otherwise stated, statistical analyses were performed in R 3.4. Alpha diversity indices for the lamb gut bacterial community, relative abundances of communities at phylum and genus level, and qPCR results for total bacteria and five selected bacterial genera between the two groups were statistically analysed using a two-tailed Wilcoxon signed-rank test. Alpha diversity indices of the maternal and environmental bacterial communities were analysed by the Kruskal-Wallis test. Differences in bacterial community composition between the environmental niches of the two groups and between maternal niches were examined by PERMANOVA. The P values were adjusted using the Benjamini-Hochberg correction for multiple comparisons when required. Statistical significance was set at P < 0.05 level.
Supporting Information
Additional Supporting Information may be found in the online version of this article at the publisher's web-site: The sample size of each environmental niche was 6. Fig. S4 . Venn diagram showing the shared and unique OTUs between the suckled (n = 6) and bottle-fed (n = 6) lambs. Fig. S5 . Average relative abundances of the 15 most abundant bacterial genera and their most common source environment in the gut of suckled (n = 6) and bottle-fed (n = 6) lambs. SourceTracker analysis assigns a different source environment to each sequence of an OTU in the jejunum samples. The legend shows genus name, OTU identifier, and the most common source environment. NA: maternal teat skin; VA: maternal vagina. Table S1 . Relative abundances of the 10 most abundant phyla (relative abundance ≥ 0.1%) between the suckled and bottle-fed groups. Values are median AE SD, n = 6 for each group. Table S2 . Relative abundances of 5 selected bacterial genera calculated by quantitative real-time PCR for suckled and bottle-fed lambs. Values are median AE SD, n = 6 for each group. Table S3 . 16S rRNA gene-targeted specific primers used in this study.
